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Description 

[0001] A typical conventional position location system includes multiple base stations arranged in a predetermined 
pattern over a large region and spaced apart at relatively large distances, typically on the order of a few kilometers 
5 (miles). To determine the location of an object within the region among the base stations, plural base stations receive 
a signal such as a cellular phone signal, from the object. By analyzing the phase of the signals received, the location 
of the object is estimated. 

[0002] Typical systems employ one of two common position location approaches. One of the approaches is called 
direction finding (DF) or angle of arrival and the other is known as pseudo ranging (PR) or time difference of arrival 

10 (TDOA). The direction finding method uses an antenna array such as a phased array at each base station to receive 
the signal from the object and determine its angle of arrival at the base station. By analyzing the difference in phase 
of the signal received at each antenna in the array, each of the plural base stations generates an estimate of the 
direction to the object. The object's location is estimated to be at the point of intersection of directional lines projected 
from each of the plural base stations at the computed angular directions. 

is [0003] In pseudo ranging systems, for each pair of base stations, the difference in time of arrival of the signal from 
the object at each base station is computed from the phase of the received signals. This time difference defines a 
hyperbola for each pair of base stations. The point at which the hyperbolas intersect provides an estimate of the location 
of the object. 

[0004] Both of these common approaches to position location suffer from inherent inaccuracies. Since the phases 
20 arrays of antennas cannot precisely determine the angle of arrival of the signal, the direction finding approach actually 
does not result in several lines intersecting at one common point. Rather, the lines intersect at several points forming 
a region within which the object should be located. This region can be quite large depending upon certain variables 
such as elevation, signal strength, etc. The pseudo ranging approach is also inherently inaccurate since multiple hy- 
perbolas do not intersect at the same point. This and other inaccuracies also result in determining a region in which 
25 the object may be located, rather than a precise position location. 

[0005] At least one position location system has applied both direction finding and pseudo ranging to determine 
object location. However, the two approaches are applied separately, with the direction finding or angle of arrival ap- 
proach being applied only to eliminate multipath errors from the location estimate. The pseudo ranging approach is 
used to generate the position estimate. 
30 [0006] European Patent 0 583 523 by Nexus Telecommunications Systems Limited discloses a position determining 
apparatus in which a basestation transmits timing signals to locate remote units. 

[0007] Patent Cooperation Treaty Application No. W095/26510 by Qualcomm Incorporated discloses a method and 
apparatus for determining the position of a mobile unit in a cellular telephone system. 

[0008] European Patent 0 470 272 discloses a position location method making use of base stations and remote 
35 units where the time relay difference in a signal received at individual base stations is determined by crosscorrelating 
data received data streams with one another. Additional information is then determined by comparing the time delay 
differences. 

[0009] Patent Cooperation Treaty Application No. WO 95/14936 to Nexus 1994 Ltd. discloses a system for calculating 
incident angle of transmitted signals and forwarding the calculated incident angles to a central location to calculate a 
40 probable location of a transmitter using triangulation techniques. 

[0010] In particular, EP-A-0,470,272 discloses a position location system according to the preamble of claim 1. The 
present invention is characterized by the features of the characterizing portion of claim 1 with optional features recited 
in the dependent claims. 

[0011] In one embodiment, the locating signal comprises two or more single-frequency tones. Each locating signal 
45 tone can be at a different frequency. The tones can be transmitted at different times, or, in an alternative embodiment, 
they can be transmitted simultaneously. 

[0012] Because in one embodiment only single-frequency tones are used as the locating signal instead of compli- 
cated modulated signals, substantial transmission circuitry is eliminated. The portable unit can therefore be made small 
and lightweight, being powered by only a single small battery. The unit can therefore be comparable in size toa standard 

50 pager or can be worn on the wrist of the user. 

[0013] In one embodiment, each base station includes at least two antennas that receive the locating signal from 
the portable unit. The antennas are spaced apart by a distance from a quarter to several wavelengths of the locating 
signal. In the case of two-dimensional estimation, two or more antennas at each base station are spaced apart in a 
plane which is defined by the two-dimensional region in which the object is located. In a three-dimensional case, 

55 elevation of the portable unit can also be estimated. In that case, each base station can also include at least one 
additional antenna located above or below the first at least two antennas and spaced apart from them by a distance 
between a quarter and several wavelengths of the locating signal. 

[0014] In a preferred embodiment, the processor is located at a control station coupled to each of the base stations 
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by modem or RF link. The processor extracts information from each representative signal related to the amplitude and 
phase of the locating signal at each base station. The processor uses this information in the representative signals 
and the relationships between the amplitude and phase of a received signal and its distance of propagation to compute 
the position of the object directly, without the need for projecting lines at angles of arrival or computing the intersection 

s of hyperbolas defined by pairs of base stations. 

[0015] In one embodiment, in the case of two-dimensional location, the processor uses the received base station 
data to compute an ambiguity function in two dimensions x and y, in which x and y are coordinates in a cartesian 
coordinate system describing position within the region. The ambiguity function defines the error involved in a position 
determination for each point in the cartesian coordinate system. That is, for each point at x.y, the ambiguity function 

10 A(x,y) depends upon the probability that the portable unit is located at that particular point x,y. The processor optimizes 
the ambiguity function to select a point x.y at which the associated error is minimized. That point x : y is taken as the 
estimate of the location of the portable unit. 

[0016] Any of several different optimization procedures can be used to optimize the ambiguity function A(x,y). In one 
embodiment, the processor first obtains a rough estimate of the object's location by a conventional method such as 
is triangulation. Next, the processor selects six points x.y that are in close proximity to the estimated point. The ambiguity 
function A(x,y) is solved for each of the x,y points to obtain six values. The six computed values are then used to define 
a parabolic surface. The point x : y at which the maximum value of the parabolic surface occurs is then taken as the 
estimate of the object's location. 

[0017] Other optimization approaches can also be used. For example, a standard technique such as an iterative 
20 progression through trial and error to converge to the maximum can be used. Also, gradient search can be used to 
optimize the ambiguity function. 

[0018] In the case of three-dimensional location, the two-dimensional ambiguity function A(x,y) is extended to a 
three-dimensional function A(x,y,z). As in the two-dimensional case, the processor optimizes the ambiguity function to 
select a point x,y,z as the best estimate of the object's location in three dimensions. Again, any of several known 
2S optimization procedures, such as iterative progression through trial and error, gradient search, etc., can be used to 
optimize the ambiguity function. 

[0019] In addition to sending the locating signal, the portable unit can also be configured to transmit encoded infor- 
mation. The information can include an identification of the particular portable unit as well as data from sensors at the 
portable unit. For example, the portable unit can be used as a medical monitor worn on the user's body Certain physical 
30 parameters such as body temperature can be sensed and translated into digital data which is transmitted by the portable 
unit. 

[0020] in one embodiment, the position location system of the invention also includes a reference station used to 
synchronize the system. The reference station preferably transmits a continuous tone which may be interrupted or 
modulated periodically to reset base station clocks. The tone is at a different frequency than the frequency of the 
35 locating signal tones transmitted by the portable unit and therefore does not interfere with the locating signal. In an 
alternative embodiment, global positioning satellite (GPS) receivers are used to generate synchronous clocks at the 
base stations. 

[0021] The system of the invention is operable in multiple modes. In a first mode, an operator at the control station 
initiates the location process by transmitting a command to the portable unit. In response, the portable unit transmits 

40 the locating signal into the region to the base stations. In this mode, in one embodiment, the portable unit can include 
a conventional paging system receiver and the command sent by the control station can be a conventional paging 
signal. In another mode of operation, the position location process can be initiated at the portable unit itself. In this 
mode, a person carrying or wearing the portable unit can request that his/her location be determined. In one embod- 
iment, the user presses a button on the portable unit which transmits a signal to the base stations and/or the control 

45 station to request that the process be initiated. 

[0022] The system and method of the invention can be applied to existing cellular telephone systems and, in a similar 
manner, to existing and planned two-way messaging or paging systems. The base stations of the invention can be 
used to augment existing cellular telephone/paging base stations. They can be installed at cellular base station sites 
as additional hardware, or existing cellular base stations can be modified to accommodate the system and method of 

so the invention. For example, existing base stations can be modified by adding additional antennas required for the 
process of the invention. As installed at cellular base stations, the invention can be used to locate the portable unit or 
commercial pager as described above. In addition, the system and method can also be used to locate standard cellular 
telephones. Each cellular telephone transmission can include a period of unmodulated carrier which can be detected 
by the base stations of the invention to determine the position of a cellular telephone. 

55 [0023] The position location system and method of the invention have several advantages over prior approaches. 
The approach of the present invention is to receive data from plural base stations indicative of several attributes of the 
locating signals preferably including amplitude, phase and time information, and, using all of these attributes, to combine 
the data in an optimal fashion to compute location directly using an optimization procedure. In contrast, the prior systems 
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use only a single attribute, typically phase, of the signal transmitted by the object to be located. The prior approaches 
compute location indirectly by some simple geometric approach such as triangulation. The use of several attributes 
that are indicative of object position and the direct computation of position based on all of these attributes makes the 
system of the present invention far more accurate than prior systems. 

5 

Brief Description of the Drawings 

[0024] The foregoing and other objects, features and advantages of the invention will be apparent from the following 
more particular description of preferred embodiments of the invention, as illustrated in the accompanying drawings in 
10 which like reference characters refer to the same parts throughout the different views. The drawings are not necessarily 
to scale, emphasis instead being placed upon illustrating the principles of the invention. 

[0025] FIG. 1 is a diagram showing one preferred configuration of the position location system of the invention. 
[0026] FIG. 2 is a schematic block diagram of one preferred embodiment of a portable unit in accordance with the 
present invention. 

is [0027] FIG. 3 is a schematic block diagram of an alternative preferred embodiment of the portable unit of the present 
invention. 

[0028] FIG. 4 is a schematic flow diagram showing the operational flow of a portable unit in accordance with the 
present invention. 

[0029] FIG. 5 is a top-level schematic block diagram of one preferred embodiment of a base station in accordance 
20 with the present invention. 

[0030] FIG. 6 is a detailed schematic block diagram of one preferred embodiment of a base station in accordance 
with the present invention. 

[0031] FIG. 7 is a detailed schematic block diagram of an alternative preferred embodiment of a base station in 
accordance with the present invention. 
25 [0032] FIG. 8 is a schematic diagram depicting one preferred orientation of pairs of antennas located at four base 
stations used in the position location system of the invention. 

[0033] FIG. 9 is a schematic flow diagram illustrating the operational flow of a base station in accordance with the 
present invention. 

[0034] FIG. 10 is a schematic flow diagram illustrating the operational flow of a control station in accordance with 
30 the present invention. 

[0035] FIG. 1 1 is a schematic flow diagram illustrating the operational flow of the control station location processing 
for cellular applications. 

[0036] FIG. 1 2 is a schematic flow diagram illustrating the operational flow of the control station location processing 
for locating a portable unit in accordance with the present invention. 

35 

Detailed Description of the Invention 

[0037] FIG. 1 is a schematic diagram of one preferred embodiment of the position location system 1 0 of the invention. 
The system 10 includes a plurality of base stations 12 labelled 12a-12i arranged in a repeating square pattern in a 

40 region 1 4. In one preferred embodiment, adjacent base stations 1 2 are separated by a distance of, for example, between 
0.2 and 20 km (0.1 and 10 miles), as in the case in which the invention is applied to a cellular telephone system. It will 
be understood that the system of the invention could include more or less than the nine base stations 12a-12i shown 
in FIG. 1 depending on the extent of the area to be covered. Only nine base stations 12 are shown in FIG. 1 to simplify 
the description of the invention. 

45 [0038] An object or person 1 8 whose position is to be determined by the system 1 0 of the invention is located within 
the region 14 among the base stations 12. A portable unit 20 of the invention is located at the object or person 18. The 
portable unit 20 can be carried by the person 18, for example, as a portable pager unit would be carried, or it can be 
worn on the user's wrist. The portable unit can also be built into clothing, such as a belt, shoe, etc. 
[0039] When the location of the object or person 18 is to be determined, the portable unit 20 transmits a locating 

so signal in all directions into the region 14. The locating signal can be a pair of single-frequency tones transmitted one 
at a time in succession or simultaneously. The locating signal is received by several of the base stations 12 which 
generate representative signals indicative of various attributes of the locating signal as received at the base stations. 
The representative signal generated by each base station preferably contains information related to the amplitude and 
phase of each tone and time of measurement of the locating signal as it is received at that particular base station. 

ss [0040] Preferably, the four base stations 12b, 12c, 12e and 12f surrounding the portable unit 20 and object 18 gen- 
erate the representative signals and forward them via a modem over a cable network 24 to a control station 22. Alter- 
natively, the base stations 1 2 can transfer the representative signals to the control station 22 via an RF link. The control 
station 22 receives all of the representative signals from all of the base stations 1 2 A processor 26 and an associated 
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memory 28 process the representative signals as described below in detail to determine the actual location of the 
object 18 and portable unit 20. 

[0041] The embodiment of the system 10 shown in FIG. 1 also includes a reference station 16 which synchronizes 
the base stations 12 to ensure accurate timing of measurements. The reference station 16 preferably transmits a 
5 continuous tone to the base stations 12 which can be interrupted or modulated periodically to reset the clocks in the 
base stations 12. The tone is at a different frequency than those of the locating signal tones such that interference is 
avoided. 

[0042] The position location system 10 of the invention implements position location in one of multiple modes. In 
one mode, the location process is initiated by the control station 22. A control signal or "probe" is transmitted by RF 

io link from the control station 22 to the portable unit 20 to command the portable unit 20 to transmit the locating signals. 
The probe is also received by the base stations 1 2 to ready them to receive the locating signal from the portable unit 20. 
[0043] In another mode, position location can be implemented by the person 18 at the portable unit 20. The person 
presses a button on the portable unit which causes a modulated alert command signal to be transmitted by RF link 
from the portable unit 20 to base stations 12 and/or the control station 22. The modulated alert command signal can 

is also be modulated with information such as portable unit ID and sensor data regarding the condition of the person 18. 
The method of modulation may be frequency shift keying (FSK), binary phase shift keying (BPSK), quadrature phase 
shift keying (QPSK) or other multiple phase shift keying. When the control station 22 receives the modulated alert 
command from the portable unit, it generates a probe signal and transmits it back to the portable unit 20 to command 
the portable unit 20 to transmit the locating signals to begin position location. This return request from the control station 

20 22 can also serve as confirmation to the user 18 at the portable unit 20 that the alert from the portable unit 20 was 
received by the control station 22. 

[0044] The individual subsystems of the position location system 10 will now be described in detail. FIG. 2 is a 
schematic block diagram of one embodiment of the portable unit 20 of the present invention. The portable unit 20 
includes an antenna 30 coupled to a dual-position transmit/receive switch 32. In a first position as shown in the drawing, 

2S the transmit/receive switch 32 couples the antenna 30 to a receiving module 34 which receives signals from the control 
station 22. The receiving module 34 can be implemented in a variety of ways, including the use of a commercial pager. 
Alternatively, the receiving module 34 can be implemented in custom dedicated circuitry. In the case where the receiving 
module 34 is a commercial pager, an additional antenna for transmission is added, and the transmit/receive switch 32 
is eliminated. The antenna 30 would serve as a dedicated receive antenna and would be connected directly to the 

30 receiving module 34. 

[0045] When the receiving module 34 determines that a probe signal has been received, it begins the position location 
process by issuing a start command to a transmission sequencer microprocessor/microcontroller 36 and activating a 
sleep mode control signal which brings the unit out of sleep mode and into a transmit mode by changing the position 
of transmit/receive switch 32. The microprocessor/microcontroller 36 operates to set up transmission of the locating 

35 signals to the base stations by controlling a frequency synthesizer circuit 45. The processor/controller 36, operating 
from a 10 kHz reference 38, outputs a voltage controlled oscillator (VCO) divisor signal to the VCO divider 40 of the 
synthesizer circuitry which, in combination with the 1 0 kHz reference signal, generates a signal at the frequency of the 
first locating signal tone. The signal is passed through the phase and frequency detector 42 whose output is applied 
to a loop filter 44. The loop filter 44 passes a control signal to the VCO 46 to set the frequency of the VCO's output. 

40 [0046] The VCO output is applied to the input of a splitter 48. One output of the splitter 48 is applied back to the VCO 
divider 40. The other output is applied to an input of a BPSK modulator 50. The modulator 50 modulates the output 
tone. The tone waveform is primarily designed to identify the location of the portable unit 20, but it can also be modulated 
by the BPSK modulator 50 to transmit any additional data that may be preprogrammed or requested, such as identi- 
fication and/or status of the person or object 18 at the portable unit 20 or any sensor data which may be available at 

45 the portable unit 20. Such sensor data at the sensor inputs may include measurements reporting on the vital functions 
of a person being monitored, environmental data in the vicinity of the object, etc. 

[0047] After the VCO divisor signal is applied by the processor/controller 36, the synthesizer circuitry 45 is allowed 
to settle. After the settling time, the transmit or TX switch 52 is closed or keyed down to transmit the first locating signal 
tone. The signal from the modulator 50 is applied through the switch 52 to a power amplifier 54. The transmit/receive 
so switch 32 is switched to the transmit position such that the output of the power amplifier 54 is applied to the antenna 
30 to transmit the first locating signal tone to the base stations. 

[0048] After transmission of the first tone is completed, the processor controller 36 outputs the VCO divisor signal 
for the frequency of the second tone. The above process is repeated to transmit the second locating signal tone to the 
base stations 12. In one embodiment, the two tones are 20 kHz apart at a frequency of 100 MHz with a total transmitted 
55 power of 100 mW. In this embodiment, the timing reference signal is at a frequency at the midpoint between the fre- 
quencies of the two locating signal tones. 

[0049] FIG. 3 is a schematic block diagram of an alternative preferred embodiment of a portable unit 120 in accord- 
ance with the present invention. In the alternative embodiment of FIG. 3, the settling requirement ol the embodiment 
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of FIG. 2 is eliminated by the use of two frequency synthesizing circuits 106 and 108 instead of the single synthesizer 
circuit 45 of the embodiment of FIG. 2. In FIG. 3, the microprocessor/microcontroller 136 sends two different VCO 
divisors, one to each synthesizer circuit 106 and 108. The VCO 107 of circuit 108 generates the frequency of the first 
tone, and the VCO 109 of circuit 106 generates the second frequency tone. A switch 150 is used to select the tone 

5 signal to be forwarded to the transmission circuitry 52 and 54. In this embodiment, frequency shift keyed (FSK) mod- 
ulation is used to modulate sensor data. As in the previously described embodiment, the microprocessorAnicrocontroller 
136 controls a sleep mode of the transmission circuitry via a sleep mode control output. When the receiving module 
34 indicates a probe has been received to implement position location, the sleep mode control signal becomes active 
to change the state of transmission circuitry from sleep mode to transmit mode. 

10 [0050] FIG. 4 is a schematic flow diagram illustrating the operational flow of the portable unit of the present invention. 
As shown in step 60, before activation, the portable unit waits in listen mode to receive a command to implement the 
position location process. The command can come from a probe command transmitted by the control center or it can 
be implemented by the user by pressing a button on the portable unit. 

[0051] Decision step 62 controls the listen mode. Until a probe is received or a button is pressed, the portable unit 
stays in listen mode. When a probe is received or a button is pressed, flow travels along the "Y" (yes) branch out of 
decision step 62 to step 64. In step 64, the transmitter is keyed on. Depending upon the decision in step 66, either the 
locator tones are transmitted or an alert tone with object identification are transmitted by the portable unit. As shown 
in step 68, if probe was received, then the locator signal tones are transmitted to the base stations. On the other hand, 
if the user pressed a button to implement position location, then, as shown in step 70, an alert tone with user ID is 
transmitted to the base stations. As shown in decision step 72 and step 74, if data is available for relaying to the control 
station, then the signal is modulated with sensor data. If no data is available, then the signal is transmitted without data 
modulation. After the signals are transmitted, as shown in step 76, the transmitter is keyed off, and the portable unit 
returns to the listen mode in step 60. 

[0052] FIG. 5 is a schematic top-level block diagram of one embodiment of a base station 1 2 in accordance with the 
25 present invention. As described above : each base station 12 is capable of receiving the signals from the portable unit 
20 as well as from the reference station 16 (see FIG. 1). Each base station 1 2 preferably includes at least two antennas 
208 and 210 spaced from each other by a distance between a quarter wavelength and several wavelengths. Optionally, 
another antenna vertically above or below the two or more antennas 208, 210 also spaced by a distance of between 
a quarter wavelength and several wavelengths can be used where elevation is also being estimated. For the purposes 
30 of the following description, it is assumed that a spacing of one wavelength is used, it will be understood that the 
selected distance is used for illustration only and is not intended as a limitation. 

[0053] The antennas 208, 21 0 are able to receive signals from any orientation of a linearly polarized transmit antenna 
30 of a portable unit 20. Accordingly, the polarization of the base station antennas 208, 210 may be circular, resulting 
in a 3dB loss, but capable of receiving any linear polarization. Alternatively, either dual polarization receivers may be 
35 used at the base stations 12, or different polarizations can be used at different base stations 12. 

[0054] Each antenna 208, 210 is coupled to a receiver 212, 214, respectively. If necessary, at least one of the re- 
ceivers 212, 214 separates the timing synchronization tone transmitted by the reference station 16 from the locating 
tones transmitted by the portable unit 20. 

[0055] The base station 1 2 also includes a local signal generator 21 6 which locks onto the received reference station 
40 signal or to a GPS signal and generates two internal base station tones at the same nominal frequencies as the locating 
tones transmitted by the portable unit 20. The signal generator 216 also supplies a local clock which counts cycles of 
the reference station 16 or GPS tone since the last reset. This assures that all base station clocks can be synchronized 
to the same time referenced to the control station 22. 

[0056] The base stations also include preferably two correlation receivers 218, 220, each of which is coupled to a 
45 receiver 21 2, 214, respectively. Each correlation receiver 21 8, 220 measures the phase and amplitude of the two tones 
received from a portable unit 20 relative to the corresponding two base station tones generated by the local signal 
generator 216. 

[0057] The outputs from the correlation receiver 21 8, 220 are complex phasors optionally offset in time and frequency 
as discussed below. Such outputs may be provided in one of at least two ways. The first is by taking the offset meas- 

so urement at a prearranged time coordinated by the control station 22, so that all base stations 1 2 take a measurement 
at the same time. The other is to take autonomous measurements which can be done whenever the correlation receiver 
218, 220 detects the two locating tones from the portable unit as sufficiently high receive levels. In this second case, 
the correlation receiver 218, 220 records the time of the measurement and also measures any frequency difference 
between the tones received from the portable units and the tones generated by the local signal generator 216. 

S5 [0058] A message receiver 222 in the base station 12 can receive the two or more modulated locating tones from 
the portable unit as described above. The method and modulation can be frequency shift keying (FSK) or, if higher 
data rates are desired, phase shift keying. A message transmitted by a portable unit 20 may precede or follow its 
position locating tones. For user-generated alerts however, a modulated alert command may be received by a base 
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station 12 at any time. Such a message is relayed to the control station 22 which then initiates a request for a normal 
position location transmission from the portable unit 20. 

[0059] The outputs of the correlation receivers 218. 220 and the message receiver 222 are applied to a controller 
and modem 224. The controller formats message and signal data for transmission to the control station 22. In one 
s preferred embodiment, the formatted data is transmitted by a standard telephone modem. Alternatively, a dedicated 
RF link can be used. The controller and modem 224 also serves the function of receiving at the base station 12 control 
and timing data such as time and identity of the probes from the control station 22. 

[0060] FIG. 6 is a detailed schematic blockdiagram which shows details of the base station 1 2 of the present invention 
not shown in the top-level block diagram of FIG. 5. For purposes of the description, it is assumed that two single- 
io frequency tones are transmitted in succession from the portable unit 20. The frequencies of the first and second tones 
are 100.01 MHz and 100.03 MHz, respectively. The first tone is transmitted for 100 msec and then, following a wait 
period of 50 msec, the second tone is transmitted for 100 msec. 

[0061] The received signals at antennas 208 and 210 are applied to down converters 250 and 252, respectively The 
local oscillator 254 applies a 100 MHz signal to each down converter such that when the antennas 208, 210 receive 

15 the first tone, the down converters 250 and 252 output a 10 kHz tone, and when the antennas 208, 210 receive the 
second tone, the down converters 250, 252 output a 30 kHz tone. The tones are digitized at A/D converters 255 and 256. 
[0062] The digitized tone data is applied to correlators 258, 260, 262 and 264. As described above in connection 
with FIG. 5, the correlators form a portion of the correlation receiver 218, 220 for each receiver channel in the base 
station 12. The correlators 258, 260, 262, 264 operate synchronously at all base stations 12. Synchronization can be 

20 obtained through the transmission of a reference signal by the reference station 16 (see FIG. 1), or the use of several 
other available sources including G PS-based time references. This time synchronization is indicated by the time base 
266 in FIG. 6. The time base 266 provides a timing signal to a reference tone generator 268 which generates the 
reference tones applied with the received tones to the correlators. The correlated waveforms at the output of the cor- 
relators are complex waveforms which are synchronized with the time reference. The reference tones are stored or 

25 generated digitally. 

[0063] In the absence of frequency offsets, the correlators can estimate the phase and magnitude of the signals by 
integrating the correlator output over a fixed period of time, nominally the full 100 msec. In order to obtain the best 
phase estimates, the 100-msec integration should slide to obtain the best alignment with the incoming signal. This is 
-preferably done by resetting the integrators 270 frequently, for example, at a 10 usee interval while a running sum of 
30 correlator output values is kept in the computer. By summing the sequential correlator outputs over different time 
intervals, the waveform magnitude and phase of the signal during the interval in which the peak was generated can 
be obtained from the I and Q values. 

[0064] The timing of the integrators 270 is provided by an integrate and dump timing circuit 272 which provides 
control signals to the integrators 270. The integrate and dump circuitry 272 also provides a control signal to time tag 
35 circuitry 274. The time tag circuitry 274 forwards time data from the time base 266 to the computer as signal I and Q 
data is dumped to the controller and modem 224. The time tag is forwarded to the control station 22 along with the 
pertinent integrator data to identify the time particular signal data was received and is used in subsequent position 
location calculations. 

[0065] Because the integration process is carried out over a significant period of time, frequency offsets should be 
40 taken into account. Conventional techniques, such as adjusting a local oscillator using information derived from the 
incoming signal, are to be avoided, since the signal-to-noise ratio may be poor, and it is desirable to minimize the 
duration of the transmission and to minimize repeat transmissions. 

[0066] One solution to this is to provide a bank of correlators, each at a slightly different frequency, or to sample the 
correlator output at a high rate and subject the sampled output to Fourier analysis. The number of correlators in the 

45 bank or the rate at which the correlator output is to be sampled is determined by (1 ) the maximum frequency offset, 
which is dominated by motion and the stability of portable unit crystal, and (2) the required integration period. In the 
100 MHz case, frequency offsets due to crystal tolerance, aging and temperature effects can be as high as ± 2,000 
Hz. If the correlator is applying a 10 kHz reference tone, then the output of the correlators would be quadrature tones 
anywhere from DC to 2000 Hz, instead of simply DC values. In order to extract the needed information without knowl- 

50 edge of the frequency offset or time of arrival of the signal, the correlator output needs to be sampled at least at the 
Nyquist rate, i.e., 4,000 Hz. 

[0067] This requirement leads to the implementation of FIG. 7. The embodiment depicted in FIG. 7 is a variation on 
that shown in FIG. 6. In the embodiment of FIG. 7, each of the I and Q correlator outputs is applied to a low pass filter 
370 whose outputs are then fed to an FFT engine 310. If the signal is sampled at 10 kHz and 100-point transforms are 
ss executed, the window of integration in the FFT is 10 msec, so ten successive FFTs would span the received tone. To 
reduce the small potential degradation in this process, which is due to non-optimal use of the signal energy, overlapped 
FFTs could be used. 

[0068] There are other options which can be used to process the digitized samples, including other transform types. 
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Also, the correlators can be eliminated altogether, and all processing can then be done in the FFT. Due to the low 
sample rates, it is possible to make multiple passes with the sampled data in real time. 

[0069] FIG. 8 is a schematic diagram illustrating tour base stations 1 2a, 1 2b, 1 2d and 1 2e arranged in the preferred 
square configuration. The diagram illustrates one method of orienting the base stations 1 2 with respect to each other 

5 such that the antennas 208, 210 on each base station are oriented relative to each other to optimize the accuracy of 
the position location process of the invention. Each pair of antennas 208, 210 on a particular base station 12 defines 
an antenna axis 209 which extends through the center of both antennas 208, 210. In the preferred configuration shown 
in FIG. 8, the antenna axes of horizontally or vertically adjacent base stations 12 are orthogonal to each other. This 
improves the ability of the antennas 208, 210, their associated receivers and other circuitry to accurately determine 

10 the direction to the portable unit 20. 

[0070] FIG. 9 is a schematic flow diagram illustrating the operational flow of a base station in accordance with the 
present invention. As shown in step 300, the base station normally operates in an alert listen mode in which it waits 
for an interrupt from the control station 22. As shown in the "NT (no) branch of decision step 302, the flow waits for the 
interrupt from the control station 22. At the same time, the base station is also waiting for a user-implemented alert in 

is which the user presses a button on a portable unit 20 to implement the position location process. If neither an interrupt 
from the control station nor an alert from the user is received, then the base station waits in the alert listen mode. If an 
alert is detected, the flow proceeds to step 306 in which the alert signal transmitted by the portable unit 20 is detected 
and decoded to determine the ID of the portable unit 20. In decision step 308, the ID is examined to determine if it is 
valid. If it is not, flow returns to the alert listen mode at step 300. If the ID is valid, an alert message is sent to the control 

20 station 22 in step 310 and flow then returns to the alert listen mode to wait for the control station 22 to initiate the 
position location process. 

[0071] When an interrupt is received from the control station 22, flow continues to decision step 312 where it is 
determined what type of interrupt was issued. If a system interrupt such as a maintenance/calibration request was 
issued, the request is processed in step 314, and flow returns to the alert listen mode at step 300. If a cellular system 

25 location request was made, the base station enters cellular waveform mode at step 316. In step 318, the base station 
samples signals from the cellular device that is to be located and sends sampled data to the control station 22. Flow 
then returns to the alert listen mode at step 300 while the control station performs the position location process. 
[0072] If the determination made in step 312 is that a portable unit is to be located, the base station enters a probe 
listen mode in step 320. Upon entering the probe listen mode, the base station starts a specified prescribed time-out 

30 period. If a portable unit transmission is detected in step 322, it is examined in decision step 324 to determine if it is a 
valid signal before the time-out period has expired. If not, a "no response" signal is transferred to the control station at 
step 326, and flow returns to the alert listen mode at step 300. If a valid signal is received from a portable unit within 
the time-out period, the phasor data at all antennas is measured, and the signal data is sent to the control station 22 
at step 328. Flow then returns once again to the alert listen mode in step 300. 

35 [0073] FIG. 10 is a schematic flow diagram of the operational flow of the control station 22 in accordance with the 
present invention. The control station 22 is capable of receiving the outputs of the base station correlation and message 
receivers via each base station's controllerand modem through its connection toan appropriate local network or through 
an RF link. The outputs of the base station are used at the control station 22 to compute the estimated location of the 
portable unit 20. The control station 22 also initiates requests for a particular portable unit 20 to transmit its locating 

40 tones. The control station 22 also accepts requests from users carrying specific portable units 20 to locate themselves 
or such requests from groups of portable units 20. The control station 22 can also tell the appropriate base station 
when, and on what channel, to look for a cellular transmission. The control station 22 can also initiate search procedures 
to locate objects in the field, as appropriate for the application. The control station 22 in one grid block or geographic 
area can also be capable of communicating with other control stations serving other grid locks or geographic areas 

45 and in other networks of base stations, thus being capable of coordinating wide area searches. 

[0074] FIG. 1 0 is a top-level flow diagram illustrating the flow of the control station interrupt loop in accordance with 
one embodiment of the invention. The loop is entered through one of four branches 401, 403, 405, 407, depending 
upon how the interrupt was initiated. If a portable unit location request was received as indicated at step 402, branch 
401 is entered. A control station transmitter is selected to transmit the probe command in step 404, and the probe is 

50 transmitted in step 406. Finally, in step 408, a message is transmitted to all base stations within the probe range 
informing them that a probe has been transmitted. In one preferred embodiment, the control station 22 generates and 
maintains a database of location searches in order to provide data for off-line reports and billing. In step 410, the 
database is updated to include the current search, and flow returns to the top of the interrupt loop at box 411 . 
[0075] If a cellular location request is implemented as shown in box 412, the flow enters through branch 403. The 

55 cellular frequency is determined at step 414 and in step 41 6, a message is sent to all base stations in the probe range. 
[0076] If an alert is relayed by a base station from a portable unit as shown in step 418, flow enters the interrupt on 
branch 405. A portable unit location request is initiated at step 420. The database of location searches is updated in 
step 410, and the flow then continues to step 402 where a normal portable unit location request is implemented. 
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[0077] Branch 407 of the interrupt loop is entered when the control station 22 receives location data from the base 
stations as indicated in step 422. As shown in decision step 424, if portable unit data is received, then the control 
station performs portable unit location processing as indicated at step 426. If cellular data is received from the base 
stations : then cellular processing is performed as indicated at step 42B. Once again, after the processing is complete, 

s at step 410, the location search database is updated, and flow returns to the top of the interrupt loop at step 411. 

[0078] FIG. 1 1 is a flow diagram showing the steps of cellular unit processing indicated in step 428 of FIG. 10. Upon 
entering the processing procedure 428, raw data is calibrated at step 430. At decision step 432, the process determines 
whether more base station data is to be received. If so, the flow returns to the main control station interrupt bop shown 
in FIG. 10 to await more base station data. If all of the data has been received, then flow passes to decision step 434 

w in which it is determined whether enough base stations have reported data to permit a position location determination. 
If not, a report is made to the user or authorities in step 437, and flow returns to the main interrupt loop. If enough 
stations have reported, then the stations whose data is to be used in the position location determination are selected 
in step 436. The location is computed in step 438 using triangulation. An optional tracking filter to refine the location 
computation can also be used. In step 440, the location is reported to the user and/or authorities, and flow then returns 

is to the main interrupt loop depicted in FIG. 10. 

[0079] FIG. 12 is a flow diagram showing the details of portable unit processing indicated in step 426 of FIG. 10. At 
the beginning of portable unit processing, raw data from the base stations is calibrated in step 450. Next, in decision 
step 452, the process determines whether more base station data is to be received. If so, flow returns to the main 
interrupt loop to await the additional base station data. If no more base station data is expected, then flow proceeds 

20 to decision step 454 where a determination is made as to whether enough base stations have reported data to permit 
a position location determination to be made. If not, flow proceeds to decision step 456 where it is decided whether to 
initiate another attempt at position location. If not, a report is made to the user and/or authorities at step 458, and flow 
then returns to the main interrupt loop. If it is decided to try again, then a new portable unit probe signal is issued in 
step 460, and flow once again returns to the main interrupt loop to wait for base station data. 

2S [0080] If the decision in step 454 is that enough base stations have reported data, then the stations used for the 
position location determination are selected in step 462. The initial rough location estimate has been determined in 
step 462. Next, in step 464, the location of the portable unit is computed directly using the ambiguity function A(x,y) 
(in the case of two-dimensional position location) as described below in detail. In step 466, the location is reported to 
the user and/or authorities, and flow then returns to the main interrupt loop. 

30 [0081] As described above, in step 464 of the portable unit processing flow shown in FIG. 12, the location of the 
object 18 and portable unit 20 is computed directly from base station data using a two<iimensional ambiguity function 
A(x,y). That computation will now be described in detail. 

[0082] When the control station 22 receives the complex phasors indicative of the locating tone antenna signals from 
the base stations, it computes the position of the portable unit 20. The following description assumes two antennas at 
35 each base station 1 2 and two received locating tones at each antenna at the radial frequencies and o^. Let there 
be K base stations 12 with usable signals. Each base station 12 has two antennas 208, 210, referred to herein as 
antenna 1 and antenna 2, respectively, and measures four complex phasors, one for each of the two tones and the 
two antennas. We introduce the notation r^p) to denote the received signal at base station #k, antenna #m, and tone 
#n and define 

40 

r *mo(0 = a kmn S ' in ^n( ( ' T km ' <0» + W>- 0) 

where a^ is signal amplitude, n kmn (t) the additive noise, to the unknown time of transmission: and t km the delay. The 
45 delay does not depend on the frequency, only on the distance from the object 18 and portable unit 20 to the particular 
station k and its antenna m. 

[0083] We introduce the complex phasor r kmn corresponding to r kmn (t): 
so ti+T 

a fann e^ t r tonn (t)dt. (2) 



55 where the known period of integration T includes a section of the received signal, and begins at time t v and j is the 
imaginary unit. Carrying out the integration, this is equal to 
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+ ^ < 3 ) 

in which ri^p is the Gaussian noise component of the phasor r^p. Thus, each base station k, with two antennas and 
5 using two frequencies, typically provides four complex phasors. For example, for frequencies co, and and antennas 
1 and 2, we have the following four phasor measurements: 

measurement r k11 at site k, at its antenna 1 and at radial frequency co v 
measurement r k12 at site k, at its antenna 1 and at radial frequency o^. 
10 measurement r^-, at site k, at its antenna 2 and at radial frequency co^ 

measurement x v22 at site k, at its antenna 2 and at radial frequency a^. 

The complex phasors are next corrected for frequency offsets in the transmission and for timing offsets between the 
base stations. 

15 [0084] Before describing the computation of the invention, it is instructive to consider some simplified cases which 
can be likened to direction finding (DF) and pseudo-ranging (PR) or time difference of arrival (TDOA) techniques. Using 
the notation adopted above, the direction of arrival of the signal can be derived. At one frequency 0^ only, at a particular 
base station k, there is essentially no time offset between its two antennas located in close proximity to each other; 
there is only a phase difference due to the receiver antenna spacing, i.e., the distance separating antenna #1 from 

20 antenna #2, which we shall denote by d. Thus, 

+ T UT7> ( 4 > 



25 



30 



SO 



55 



and since the phase difference for a signal arriving at an angle 0 from boresight due to that distance is equal to the 
phase difference of the phasors, we have 



2n(d^ 2 /X, )sine = co^x^ - x k1 ), (6) 

35 where d 12 is the distance between antenna #1 and antenna #2, and A. 1 =2icc/o> 1 is the wavelength at the frequency co 1 . 
From this relationship, it follows that an estimate of the phase difference between the signals at a pair of antennas at 
any base station 12 can lead to the determination of the angle 9 at that base station to the object, and hence the 
determination of direction. 

[0085] Given the knowledge of base station locations and the direction from any two base stations 12 to the object 
40 18, the object's location can be determined by triangulation. Given the direction from several pairs of base stations, 
the location can be further refined. Such an approach relies on directional estimates, and this method of obtaining 
direction described thus far is similar to conventional direction finding. 

[0086] The other approach whose description will help clarify the description of the present invention is the PR pseu- 
do-ranging (or Time-Difference-of -Arrival) method. This method involves estimation of phase differences of the phasors 
4S to establish the time-differences-of arrival at any pair of base stations. We begin with the simplest example of our 
transmitted signal structure, whereby the portable unit 20 transmits tones at two different radial frequencies co, and 
q>2, so that there is a known frequency offset 



ft = <o 2 - co 1 . (7) 
Thus, the phasors at, for example, the antenna #1 , at the base station #k, at the two different frequencies, are: 

r kn = a kH e + ^kiv (8) 
y» 2 (t fc i + y j(v> } +o.)(T k1 + / 0 ) 

r kl2 = a k12 e +r ^kl2 = a kl2 e + ^k12 ( 9 ) 
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We assume that signal strength at the two frequencies is approximately the same, a^ = a k12 , because of the small 
frequency offset Q. Hence the phase difference at antenna #1 at station k between signals at the two frequencies is 

Similarly, for a specific base station #1 , the same phase difference at its antenna #1 becomes 

Therefore, the phase differences at the two transmitted frequencies at this pair of base stations becomes 

75 &(* k1 + t 0 ) - fl(T M + fc) = "< T *7 - hi) ( 12 > 

Since the locus of all the points with the same time difference from #k and #1 is a hyperbola, once the time difference 
t k1 - T h is estimated, the hyperbola on which the signal emitting object 18 must be located becomes known. Different 
pairs of base stations generate a multiplicity of such hyperbolae; the area where they intersect defines the estimated 
region of location of the object. This method of measuring time differences of arrival outlined above is, in effect, the 
standard TDOA method for a two tone signal structure. 

[0087] With this background, we next describe the approach used to identify the most probable location of the object 
1 8 in the preferred version of the present invention. While our approach is different than either DF and TDOA, the prior 
discussion of these other methods in our notation can be helpful in evidencing that our approach combines angle of 
arrival and TDOA data onto an optimized estimate of object position. The estimated position of the object is derived 
by selecting as the function to maximize that function which will minimize the joint probability of error with respect to 
all the measurements. In one preferred embodiment, we assume that errors are induced by Gaussian noise at each 
receiver. 

[0088] In the example of two antennas 1 and 2 and two frequencies 1 and 2, and given the coordinates of the true 
position (x,y), we denote the joint probability of error, conditional on x,y as: 

p l r kiv r kt* r i*v r iaa* *= 1.2,3,4lx,y], (13) 

[0089] The four complex phasors received at the base station k (at antennas 1 and 2, and at frequencies 1 and 2) 
can be represented by phasors: 

r *77 = [a^exp(ycp fr )*exp(ya) 1 [x k1 + t Q ))] + x] k11 (14) 
r ki2 = [ a k' ex PU^> k )-exp(j(d 2 (z k1 + t 0 ))] + T\ k12 (15) 
r k2i = [a it -exp(y<p^).expO(o 1 {x k2 + t 0 ))] + 1^, (16) 
r k22 = la k 'expU<P k )-exp{j(o 2 {x ^ + t Q ))] + (17) 

so 

where tj^,, represents noise at the base station k, at antenna m, and at frequency n, and where <p k is an unknown 
phase depending only on the base station k. 

[0090] To maximize the joint conditional Gaussian probability, specified above, we minimize the mean square error. 
The location (x,y) at which this minimum occurs is taken as the estimate of the object position. 
55 Defining 

a k = a k expycp^ (18) 
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we form the log-likelihood function. Ignoring proportionality constants, it can be seen that the function in question is 
given by 



w 



30 



35 



50 



55 



K 

min£ mini 



(19) 



When we carry out the minimization of the mean square error and ignoring the terms independent of location (x,y), we 
find that for K antenna sites, each with two antennas, and each receiving at two frequencies; we need to determine 
is those location coordinates (x,y) that maximize the ambiguity function: 

A(x,y)=R(Z x ) + \Z^ (20) 
20 where R(.) denotes the real value, and l.i the absolute value of the function in the argument, and where 

K 

Z l = £ ^kll^' *22 eX P [J«l < T *2~ T *l) 1 + r kl2 r ' *22 GX P t JW 2 ( T k2 -T kl ) ] ) 
25 k = l 

(21) 



and 



z 2 



£i{+r kll r> 



^exp [j (WjT^-WjT^) ] +r kl2 r* k22 exp [j (Wjt^-oi^ 



(22) 



in which r' kmn is the complex conjugate of r kmn for (m,n = 1 ,2), and CI = co 2 - co v 

^° [0091] If the function A(x,y) defined above in equation (1 9) is called the ambiguity function, and if it were plotted in 
three dimensions against x and y, the optimum estimate of the true location (x,y) in our process is the point (x,y) at 
which this decision function A(x,y) reaches its maximum value. In the position location process of the invention, the 
coordinates (x,y) that maximize A(x,y) are taken as the most likely object location. The function A(x,y) may be maximized 
by standard techniques such as an iterative search to converge to the maximum through trial-and-error and gradient 

45 search. 

[0092] In one specific embodiment of the invention, we find the maximum of the ambiguity function A(x,y) by con- 
verging iteratively to the location (x,y) being sought. In this embodiment, an initial estimate of (x,y) can be obtained by 
triangulation. 

[0093] In the preferred embodiment of the invention, such a preliminary estimate of the average location is only used 
as the initial value in the process for the accurate determination of object location. The process then proceeds to 
improve on the initial estimate by performing a further iterative search for the best estimate of the desired location of 
the maximum of A(x,y). It is one of the important features of the invention that such a preliminary estimate, located 
somewhere in the space surrounded by all the likely intersections, can be defined more precisely, and its accuracy 
can be greatly improved by defining a composite function of the difference individual measurements. 
[0094] A further refinement of the process of the invention described herein consists of also taking into account other 
information of the location signal returned from the object and received at the several base stations and at the several 
frequencies. This is accomplished by applying weights to the phasors, such as r klv r k12 , r^, and (and their con- 
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jugates), and allocating a higher weight to those phasors which display a stronger signal (or less noise), and/or indicate 
less muttipath perturbation (i.e., less amplitude modulation). In this manner the potential location error is further min- 
imized. One optimization approach used to maximize the ambiguity function A(x,y) is described as follows: 

5 1. Set (x 0> y 0 ) to the initial estimate and the search grid size h to 100ft (for example). 

2. Calculate A(x,y) values at the five points: 

A(x 0 ,y 0 ), 
10 A(x 0 + h,y 0 ), 

A(x 0 - h,y 0 ), 
A(x 0 ,y 0 + h) and 
A(x 0 ,y 0 -h). 

'5 3. Assuming A(x 0 + h,y 0 ), and A(x 0> y 0 + h) are the two largest comer point values, also calculate A(x 0 + h,y 0 + h). 

4. Find the maximum, (x,y), of a parabolic surface through these six points. 

5. If (x,y) is further than h from (x^Vq) repeat 

20 

the process for (Xo,y 0 ) = (x 0 + h,y 0 + h), 



adding three new points in that direction. 
25 6. If (x,p) is less than h from (xq.Vq) use (x,y) as the final estimate. 



[0095] In general, it is noted from the equations (21 ) and (22) defining Z n and Z 2 , that the search for the maximum 
of A(x,y) reduces to a generalized DF method when only one tone is used and we ignore 2%. If the process of the 
invention is followed, such a generalized DF method can use the same measurements as the conventional DF method, 
30 but combines said measurements in a different way that includes amplitude information which results in a better location 
estimate. Similarly, the process of the invention can reduce to an optimum generalized PR method when only one 
antenna is used at each base station and is ignored. 

[0096] Thus, from the foregoing description it will be seen that one advantage of the position location approach of 
the invention is that its use permits the combining of DF and TDOA methods in a predetermined numerical fashion 

35 based on sound analytical foundations and the reliance on the common assumption about Gaussian characteristics 
of additive noise. Another advantage of the invention is that weak signals, which are less reliable, receive less weighting. 
Yet another advantage is that the effect of signals interfered with by multipath (which can be detected from envelope 
modulation) can be de-emphasized by having them given less weight, or even eliminated from the computation. 
[0097] In addition, the invention can be readily generalized further to the combining of measurements at more than 

40 two antennas at a particular base station. Likewise, when there are more than two transmitted tones from the object 
(that are then received at a particular antenna), we can consider the different pairs of frequencies and the multiple 
phasor terms that arise. Such generalizations are a direct extension of the process described above using two antennas 
and two received tones at each site. 

[0098] As mentioned above, the system and method of the invention can also be used to locate position of the 
45 portable unit in three dimensions. This allows the system to also determine elevation of the portable unit. The three- 
dimensional approach can be implemented in at least two ways. First, the process described above can first be used 
to estimate the two-dimensional (x.y) location. Then, one or more vertical antennas can be used to estimate the ele- 
vation z, again using the two-dimensional approach. Another preferred method is to extend the above analysis to three- 
dimensional estimation of (x,y,z). In this approach, a three-dimensional ambiguity function A(x,y,z) is computed from 
50 the complex phasors generated for the received locating signal at each antenna of the appropriate base stations. The 
ambiguity function A(x,y,z) is optimized to generate an estimate of the position of the portable unit transmitting the 
locating signal. 

[0099] The more general three-dimensional case will now be described in detail. Assume N tones of the locating 
signal and M element receivers at each of the K base stations. As will be described, the process is simpler if pairs of 
55 tones are used at a time. 

[0100] The signals at the k'th base station are: 
At element #1 : 
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15 



r klN = a k - e**- e^ (T «* + ^ ♦ wT^SIF = T^F = ^ = 2» 0 /T x . 



20 



(23) 



A1 element #m: 



25 



30 



(24) 

40 The log-likelihood function is, maximizing over the unknown amplitudes and phases and ignoring proportionality con- 
stants, 



45 



A(x,y, z) = logP{r kmnt k=l . . . K, jn=l, . . . M, n=l . . . N|x,y, z] 



-™inf:ff|r ta V u " (Vg | J - (25) 
a *' t o)c=l 171=1 n~l 



so 



This can be rewritten as 



55 



A (x, y , z) ?== - min £ 



E E l^l 2 +MN\a k \ 



(26) 
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where 



AT M 
Y k = E E r *mn* 



Minimizing over we get 



75 



A (x, y f z) s - min£ 

t o k^l \m=l n-l 



M N 



E E l-wl 2 -^v-'^' 2 



(27) 



Ignoring the terms independent of location (x,y,z) we want to find the location (x,y.z) which maximizes the function 



20 



A a (x,y,z) = max £ |y k | 2 



25 



K N M 
maX E I E E r krnn e 



(28) 



In general when N>2 the maximum over Xq depends on the assumed location. Thus, for more than two tones we would 
need to maximize the four-dimensional function 



30 



35 



40 



45 



29) 



which could be done with conventional maximization techniques. However, the solution is simplified if only two tones 
are considered at a time, since the maximization over to can be found analytically: 



so 



ss 
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15 



20 



A 0 (x, y, z) = max£ ^ E E E r km^r' j^e 
c o k n x n 2 ^ 



= max 



Jc zjj 2 



52 53 52 r Jcm 1 2 r ' /c/n 2 2 e 

2We -^ 0 (. 1 -. 2 , EEEr ^ ir ,^ 2e -^ a , tani ^ 2Ttan2 

k m 2 

Z^l^ r km 1 2 r km 2 2 e 
k m± jij 2 



(30) 



In the first two lines the terms correlating the same antenna elements do not depend on (x,y,z) so we can maximize 



25 



A(x,y, z) = SR Z x + J Z 2 I , 
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35 



z i - EE E 



r Jan 1 2 :r ' km 2 2 e 



-ju 2 (T 



2 ^ T tan! 



r tan 2 > 



40 



45 
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Z 2 " 52 52 52 ^Jcn^l^' Jan 2 2 e 
k m x m2 



(31) 



This generalizes the algorithm to two tones, multiple antennas, and three dimensions. For more than two tones we 
add A() as calculated for pairs of tones. 

[0101] As previously noted, the object to be located (portable unit) may be a wireless cellular telephone. In a particular 
example, the mobile telephone may conform to the TIA/EIA IS-91 AMPS base to mobile air interface standard in which 
frequency modulated baseband tones are propagated during normal operations. The frequency modulated tones are 
a set of discrete tones symmetrical about the carrier frequency tone with coherence between pairs of tones at equal 
and opposite offsets from the carrier frequency The AMPS telephones can be commanded by a controlling base station 
to blank (shut off) the voice signal for a 500 msec interval, during which two baseband tones, the Supervisory Audio 
Tone (SAT) and the Signaling Tone (ST) are frequency modulated onto the carrier. The resulting transmitted signal 
consists of five discrete tones, two coherent pairs and one carrier component. These five tones can be used by the 
previously described location system and method for locating the phone. 

[0102] For emergency location of the telephone, for example if a user dials 911, the mobile telephone base station 
control equipment can be programmed to command the location system to locate the phone at a certain instant and 
to provide the frequency on which the phone is transmitting. This can be accomplished by either automatically, or at 
the initiation of a base station operator, through commanding (from the base station) that the mobile phone transmit 
the tone waveform with no overt action required by the caller and no discernible interruption to the call. During the 
interval of tone transmission, the location system will generate individual correlation phasors for eery received tone at 
the different receiving antennas, and the location will be estimated using one of the methods previously described. 
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[0103] If the call becomes disconnected, a mobile phone controller that records the origination of 911 calls can au- 
tomatically call back the disconnected mobile phone, which, until the re-dial is answered, will emit the same five tones 
as part of the normal IS-91 call set up procedure. During this period, the locating system can use these tones in the 
manner previously described, to determine the location of the phone. 
5 [0104] If a known user is to be located but is not engaged in a call, the normal call setup procedure can be used to 
initiate the multiple tone transmission from the desired phone, and the resulting waveform can be used by the location 
system to locate the phone. 

[0105] While this invention has been particularly shown and described with references to preferred embodiments 
thereof, it will be understood by those skilled in the art that various changes in form and details may be made therein 
10 without departing from the scope of the invention which is as defined by the appended claims. 



Claims 

is 1. A position location system comprising: 

a portable unit (20) comprising a transmitter that transmits a locating signal; 

a plurality of base stations (12) that receive the locating signal, each base station comprising: 

20 at least one antenna (30) that receives the locating signal, and 

at least one receiver (34) coupled to the at least one antenna; 

characterized in that: 

25 at least one receiver generates values (258, 260, 262, 264) indicative of the amplitude and phase of at least 

two tone components of the locating signal as received at the corresponding antenna and measured at a 
defined time; and 

a processor (22) that receives the complex values indicative of amplitude and phase from the plurality of 
receivers at the base stations and combines the values indicative of amplitude and phase to determine the 
30 position of the portable unit. 

2. The position location system of Claim 1 wherein the locating signal comprises a plurality of single-frequency sinu- 
soidal tones, the amplitude and phase values signals being uniquely identified over a period of observation by 
multiple finite duration tone components. 

35 

3. The position location system of Claim 2 wherein the plurality of single-frequency sinusoidal tones are transmitted 
in succession. 

4. The position location system of Claim 1 wherein: 

40 

at least four of the basestations are arranged in a rectangular pattern such that one of the base stations is 
located at each corner of a rectangle; 

each base station comprises two antennas (208, 210) that are positioned on the base station to define an 
antenna axis (209) which passes through the positions of the two antennas; and 
45 the antenna axes of basestations located at adjacent corners of the rectangle are orthogonal to one another. 

5. The position location system of Claim 1 further comprising a time reference that provides timing information related 
to the locating signal, said timing information being used by the processor to select the defined times of measure- 
ment of the values indicative of amplitude and phase. 

50 

6. The position location system of Claim 1 wherein the processor determines the position of the portable unit in two 
dimensions. 

7. The position location system of Claim 1 wherein the processor determines the position of the portable unit in three 
55 dimensions. 

8. The position location system of Claim 1 wherein the processor determines elevation of the portable unit. 
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9. The position location system of Claim 1 wherein position of the portable unit is determined in response to a paging 
signal transmitted to the portable unit. 

10. The position location system of Claim 1 wherein position of the portable unit is determined in response to a com- 
mand issued by the portable unit. 

11. A position location system as in Claim 1 wherein the processor produces a plurality of complex phasor values r,^ 
from the values indicative of amplitude and phase, where k is an index to the number of basestations in the system, 
n is an index to the number of tones in the locating signal, and m is an index to the number of antennas at the k th 
basestation, to determine the position of the transmitter. 

12. A position location system as in Claim 11 wherein the processor makes a decision as to the position of the trans- 
mitter by determining coordinates that maximize a value of a function, A, derived from the complex phasor values 

*kmn- 

13. A position location system as in Claim 12 wherein the function, A, with which the processor makes a position 
decision depends upon a sum, for each base station, of complex phasor values for each tone multiplied by a 
complex conjugate of a complex phasor value at other tones. 

14. A position location system as in Claim 12 wherein the processor determines values for the function, A, at an initial 
estimated position (X 0 , Y Q ) by a predetermined grid distance, h, and fits a parabolic surface to the plurality of 
functions so derived, and selects the position of a maximum height of a parabolic surface as the location of the 
transmitter. 

2S 15. A position location system as in Claim 12 wherein the function is given by: 



10 



15 



20 



30 



A(x : y)=R(Z,)+\Z\, 
where R(.) denotes real value, I.I denotes absolute value, and where 



35 



and 



40 



where where r' kmn is the complex conjugate of r kmn , and are two tone component frequencies, Q is equal 
to (cog - to-,), and x km is a propagation time delay from the transmitter to a given base station, k, and an associated 
antenna, m. 



so Patentanspruche 

1. System zur Ortsbestimmung, welches umfaBt: 

eine bewegliche Einheit (20), die einen Sender umfaGt, der ein Ortungssignal sendet; 
55 eine Mehrzahl von Basisstationen (12), die das Ortungssignal empfangen, wobei jede Basisstation umfaGt: 

wenigstens eine Antenne (30), die das Ortungssignal ernpfangt, und 

wenigstens einen Empfanger (34), der an die wenigstens eine Antenne gekoppelt ist; 
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dadurch gekennzeichnet, daB: 

der wenigstens eine Empfanger Werte (258, 260, 262, 264) erzeugt, die die Amplitude und Phase wenigstens 
zweier Tonkomponenten des Ortungssignals angeben, wie es von der entsprechenden Antenne empfangen 
5 und zu einem definierten Zeitpunkt gemessen wird; und 

ein Prozessor (22), der die Amplitude und Phase angebenden komplexen Werte von der Mehrzahl der Emp- 
fanger an den Basisstationen empfangt und die Amplitude und Phase angebenden Werte kombiniert, urn den 
Ort der beweglichen Einheit zu bestimmen. 

10 2. System zur Ortsbestimmung nach Anspruch 1 , bei dem das Ortungssignal eine Mehrzahl von sinusfdrmigen Ein- 
zelfrequenztonen umfafM, wobei die Signalamplituden- und -phasenwerte uber eine Beobachtungsdauer durch 
mehrfache Tonkomponenten mit begrenzter Dauer eindeutig identifiziert werden. 

3. System zur Ortsbestimmung nach Anspruch 2, bei dem die Mehrzahl von sinusfdrmigen Einzelfrequenztonen 
15 nacheinander gesendet werden. 

4. System zur Ortsbestimmung nach Anspruch 1 , bei dem: 

wenigstens vier der Basisstationen in einem rechteckigen Muster angeordnet sind, so daG sich eine der Ba- 
20 sisstationen an jeder Ecke eines Rechlecks befindet; 

jede Basisstation zwei Antennen (208, 210) umfafH, die an der Basisstation angeordnet sind, um eine Anten- 
nenachse (209) zu definieren, die durch die Positionen der beiden Antennen hindurchgeht; und 
die Antennenachsen von an benachbarten Ecken des Rechtecks befindlichen Basisstationen zueinander or- 
thogonal sind. 

25 

5. System zur Ortsbestimmung nach Anspruch 1 , das weiter einen Zeitbezug umfaGt, der eine mit dem Ortungssignal 
zusammenhangende Zeitberechnungsinformation bereitstellt, wobei die Zeitberechnungsinformation vom Prozes- 
sor verwendet wird, um die definierten Zeitpunkte fur die Messung der Amplitude und Phase angebenden Werte 
auszuwahlen. 

30 

6. System zur Ortsbestimmung nach Anspruch 1, bei dem der Prozessor den Ort der beweglichen Einheit in zwei 
Dimensionen bestimmt. 

7. System zur Ortsbestimmung nach Anspruch 1, bei dem der Prozessor den Ort der beweglichen Einheit in drei 
35 Dimensionen bestimmt. 

8. System zur Ortsbestimmung nach Anspruch 1 , bei dem der Prozessor die Hone der beweglichen Einheit bestimmt. 

9. System zur Ortsbestimmung nach Anspruch 1, bei dem der Ort der beweglichen Einheit in Antwort auf ein zur 
40 beweglichen Einheit gesendetes Rufsignal bestimmt wird. 

10. System zur Ortsbestimmung nach Anspruch 1 , bei dem der Ort der beweglichen Einheit in Antwort auf einen von 
der beweglichen Einheit ausgegebenen Befehl bestimmt wird. 

45 ii. System zur Ortsbestimmung nach Anspruch 1 , bei dem der Prozessor aus den Amplitude und Phase angebenden 
Werten eine Mehrzahl komplexer Zeigerwerte r kmn erzeugt, wobei k ein Index zur Nummer von Basisstationen im 
System ist, n ein Index zur Nummer von Tonen im Ortungssignal und m ein Index zur Nummer von Antennen an 
der k-ten Basisstation ist, um den Ort des Senders zu bestimmen. 

50 1 2. System zur Ortsbestimmung nach Anspruch 1 1 , bei dem der Prozessor eine Entscheidung uber den Ort des Sen- 
ders fallt durch Bestimmung von Koordinaten, die den Wert einer Funktion, A, maximieren, die aus den komplexen 
Zeigerwerten r kfnn hergeleitet wird. 

1 3. System zur Ortsbestimmung nach Anspruch 1 2, bei dem die Funktion, A, mit welcher der Prozessor eine Ortsent- 
55 scheidung trifft, fur jede Basisstation von einer Summe komplexer Zeigerwerte f Or jeden Ton, multipliziert mit einem 

Komplexkonjugat eines komplexen Zeigerwerts bei anderen Tonen abhangt. 

14. System zur Ortsbestimmung nach Anspruch 1 2, bei dem der Prozessor bei einem geschatzten Ausgangsort (Xq, 
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Y 0 ) durch einen vorbestimmten Rasterabstand, h, fur die Funktion, A, Werte bestimmt und an die Vielzahl von so 
hergeleiteten Funktionen eine parabotische Flache anpafBt und die Position einer maximalen Hone einer parabo- 
lischen Flache als den Ort des Senders auswahlt. 

5 15. System zur Ortsbestimmung nach Anspruch 12, bei dem die Funktion durch: 

A(x,y)=R(ZJ+\Z£ 

10 gegeben ist, wobei R(.) den reellen Wert bezeichnet, I I den Absolutwert bezeichnet und wobei 



15 



und 



20 *[ f .ll f '.M«»Pl^ M »^,,f , M< ««P{J f,t Ml 1 

wobei r' kmn das Komplexkonjugat von r kmn ist, tc^ und zwei Tankomponentenfrequenzen sind, Q gleich (cog - 
^5 to-,) ist und xkm eine Zeitverzogerung der Ausbreitung vom Sender zu einer gegebenen Basisstation, k, und einer 

zugehorigen Antenne, m, ist. 



30 



35 



40 



55 



Revendications 

1. Systerne de localisation de position comprenant : 

une unite portable (20) comportant un emetteur qui emet un signal de localisation; 

une pluralite de postes de base (1 2) qui recoivent le signal de localisation, chaque poste de base comprenant : 

au moins une antenne (30) qui recoit le signal de localisation, et 
au moins un recepteur (34) couple a la au moins une antenne; 

caracterise en ce que : 



au moins un recepteur produit des valeurs (258, 260,262,264) indicatives de I'amplitude et de la phase d'au 
moins deux composantes de tonalite du signal de localisation tef qu'il est recu dans I'antenne correspondante 
et est mesure a un instant defini; et 

un processeur (22) qui re?oit les valeurs complexes indicatives de I'amplitude et de la phase en provenance 
45 de la pluralite de recepteurs situes dans les postes de base et combine les valeurs indicatives de Tamplitude 

et de la phase pour determiner la position de I'unite portable. 

2. Systerne de localisation de position suivant la revendication 1 , dans lequel le signal de localisation comprend une 
pluralite de tonalites sinusoTdales a une seule frequence, les valeurs d'amplitude et de phase des signaux etant 

so identifies de facon unique pendant une periode d'observatbn par des composantes multiples de tonalites a duree 

finie. 

3. Systerne de localisation de position suivant la revendication 2, dans lequel la pluralite de tonalites sinusoTdales a 
une seule frequence sont transmises successh/ement. 



4. Systerne de localisation de position suivant la revendication 1, dans lequel : 

au moins quatre des postes de base sont disposes selon une disposition en rectangle de telle sorte que I'un 
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des postes de base est situe a chaque coin cf un rectangle; 

chaque poste de base comprend deux antennes (208, 210) qui sont positionnees sur le poste de base pour 
definir un axe (209) des antennes qui passe par les positions des deux antennes; et 

les axes des antennes des postes de base situes au niveau de coins adjacents du rectangle sont perpendi- 
5 culaires entre eux. 

5. Systeme de localisation de position suivant la revendication 1, comprenant en outre une reference de temps qui 
fournit une information de cadencement associee au signal de localisation, ladite information de cadencement 
etant utilisee par le processeur pour selectionner les instants definis de mesure des valeurs indicatives de Cam- 

10 plitude et de la phase. 

6. Systeme de localisation de position suivant la revendication 1 , dans lequel le processeur determine la position de 
I'unite portable dans deux dimensions. 

is 7. Systeme de localisation de position suivant la revendication 1 , dans lequel le processeur determine la position de 
I'unite portable dans trois dimensions. 

8. Systeme de localisation de position suivant la revendication 1 , dans lequel le processeur determine I'elevation de 
I'unite portable. 

20 

9. Systeme de localisation de position suivant la revendication 1, dans lequel la position de I'unite portable est de- 
termined en reponse a un signal de teleappel emis en direction de I'unite portable. 

10. Systeme de localisation de position suivant la revendication 1, dans lequel la position de I'unite portable est de- 
25 terminee en reponse a une commande delivree par I'unite portable. 

11. Systeme de localisation de position suivant la revendication 1, dans lequel le processeur produit une pluralite de 
valeurs de vecteurs de phase complexes r krnn a partir des valeurs indicatives de I'amplitude et de la phase, k etant 
un indice concernant le nombre des postes de base dans le systeme, n un indice relatif au nombre de tonalites 

30 dans le systeme de localisation et m un indice relatif au nombre d'antennes dans le k-eme poste de base, pour 

determiner la position de I'emetteur. 

12. Systeme de localisation de position suivant la revendication 11, dans lequel le processeur prend une decision 
concernant la position de I'emetteur en determinant des coordonnees qui rendent maximale une valeur d'une 

35 fonction A derivee des valeurs de vecteurs de phase complexes r kmn . 

13. Systeme de localisation de position suivant la revendication 12, dans lequel la fonction A, avec laquelle le proces- 
seur prend une decision de position, depend d'une somme, pour chaque poste de base, de valeurs de vecteurs 
de phase complexes pour chaque tonalite, multtpliee par une conjuguee complexe d'une valeur de vecteur de 

40 phase complexe pour d'autres tonalites. 

14. Systeme de localisation de position suivant la revendication 12, dans lequel le processeur determine des valeurs 
pour la fonction A, dans une position initiale estimee (X^ Y Q ) par une fonction de grille predeterminee h et ajuste 
une surface parabolique sur la pluralite de fonctions ainsi derivees, et selectionne la position d'une hauteur maxi- 

45 male d'une surface parabolique en tant qu'emplacement de I'emetteur. 

15. Systeme de localisation de position suivant la revendication 12, dans lequel la fonction est fournie par : 
so A(x,y)=* FKZ^ + IZJ, 

R(.) designant une valeur reelle, et I.I designant une valeur absolue, et avec 
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et 



f kmn etant la complexe conjuguee de r kmrp av, et (02 etant deux frequences de composantes de tonalite, Q etant 
10 egal a (o^-o^), et t km etant un retard de propagation depuis i'emetteur en direction d'un poste de base, k, et une 

antenne associee, m. 
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